(Mini) split supersymmetry explains the observed Higgs mass and evades stringent constraints, while keeps good features of TeV-scale supersymmetry other than the little hierarchy problem. Such scenarios naturally predict thermal wino dark matter whose mass is around 3 TeV. Its nonperturbatively enhanced annihilation is a promising target of indirect detection experiments. It is known that identifying the smallest halos is essential for reducing an uncertainty in interpreting indirect detection experiments. Despite its importance, the smallest halos of thermal wino dark matter have not been well understood and thus are investigated in this work. In particular, we remark two aspects: 1) neutral wino is in kinetic equilibrium with primordial plasma predominantly through inelastic processes involving slightly heavier charged wino; and 2) the resultant density contrast shows larger powers at dark acoustic oscillation peaks than in cold dark matter, which is known as an overshooting phenomenon. The latter can enhance a total luminosity of dark matter annihilation in a halo significantly depending on the assumption of the c-M relation and the mass function. This work will be an important step to accurately pin down thermal wino dark matter through vigorous efforts in indirect detection experiments.
Introduction -The identity of dark matter and the origin of electroweak symmetry breaking are big mysteries of modern particle physics. A prominent possibility of addressing these two issues is supersymmetry. Supersymmetry controls a scalar potential by relating the scalar with a partner fermion. Electroweak symmetry breaking is insensitive to higher energy physics through the nonrenormalization theorem and is driven predominantly by supersymmetry breaking. Furthermore, supersymmetry provides the lightest supersymmetric particle as a dark matter candidate.
In particular, (mini) split supersymmetry [1] [2] [3] (see also Refs. [4] [5] [6] [7] [8] ), where scalar (other than the Higgs boson) masses are O(100-1000) TeV and fermion masses are O(0.1-1) TeV, attracts growing interest. Heavy scalars and gravitino evade the constraints from collider searches, flavor physics, and cosmological problems, which TeV-scale supersymmetry suffers from, although supersymmetry breaking scale is mildly far from the electroweak scale (little hierarchy problem). Light gauginos drive a precise grand unification [9, 10] and also provide experimental windows on this framework. The anomaly mediation contribution [11, 12] is a promising dominant source of gaugino masses, where wino is the lightest supersymmetric particle. In the following, we consider pure wino like dark matter, where higgsino is as heavy as scalars. Neutral wino χ 0 is accompanied by slightly heavier charged wino χ ± . The mass difference is dominated by a loop contribution, ∆m χ = m χ ± − m χ 0 160-170 MeV [13] [14] [15] [16] . Charged wino is thus long-lived and leave significant signals such as disappearing track in projected high-energy colliders [17] [18] [19] [20] [21] [22] .
The wino thermal relic explains the observed dark matter abundance when m χ 2.7-3.0 TeV [23] [24] [25] [26] [27] . Its annihilation cross section is enhanced in the present Universe by a non-perturbative effect, known as Sommerfeld enhancement [28] [29] [30] [31] . This is why thermal wino dark matter has been and is encouraged to be intensively searched in indirect detection experiments [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] as a clue to split supersymmetry. To lay siege to wino dark matter by accumulating all these efforts, reducing theoretical uncertainties is crucial. For example, infrared divergences and associated resummation for wino annihilation cross section to electroweak gauge bosons have been studied intensively [43] [44] [45] [46] [47] [48] [49] [50] .
This Letter is devoted to providing better knowledge on the smallest halos of thermal wino dark matter. It would play an essential role in reducing a theoretical uncertainty arising from enhancement of the annihilation rate through dark matter clumping [51] [52] [53] [54] . This enhancement is called a flux multiplier and is very significant especially in extragalactic gamma ray searches [55] [56] [57] [58] [59] [60] [61] . Once taking a cross-correlation with large-scale structure of the Universe as recently proposed [62] [63] [64] [65] [66] [67] [68] [69] , the clumping uncertainty is reduced to a boost factor. We are encouraged by its promising potential to pin down wino dark matter [41] , since the cross-correlation with large-scale structure will be statistically improved in near future wide field surveys.
There have been attempts to determine the smallest halos in supersymmetric dark matter [70] [71] [72] [73] [74] [75] and even particularly in wino dark matter [76] . However, previ-ous literatures did not appreciate a fact that what keeps wino dark matter in kinetic equilibrium with primordial plasma is not elastic processes but inelastic ones unlike typical bino dark matter. Indeed it is known that a winonucleon scattering cross section is suppressed in the decoupling limit of higgsino, while loop contributions barely keep the cross section just above the neutrino background in direct detection experiments [77] [78] [79] [80] [81] [82] [83] . This subtlety on wino dark matter kinetic decoupling has been studied for the temperature evolution in Ref. [84] , but not yet for the evolution of the primordial density contrast, which determines dark matter clumping in the present Universe.
As we will see, the fact that wino dark matter is kinetically equilibrated through an inelastic process results in an enhanced oscillation of the matter power spectrum, which originates from "overshooting" [85] [86] [87] , namely, dark acoustic oscillation peaks have a larger power than the density contrast of cold dark matter. This overshooting phenomenon was discovered for the first time in the study of electromagnetically charged dark matter in Ref. [85] and confirmed by Ref. [86] . Its underlying physics was clarified in Ref. [87] . Our present work demonstrates that overshooting of matter power spectrum can be seen broadly in minimal dark matter [88, 89] , although we focus on wino dark matter.
Relevant Processes -Elastic scattering of neutral wino in late-time thermal bath, long after the wino freeze out, is suppressed in the decoupling limit of higgsino [90, 91] . The leading contribution arises from a 1-loop diagram with W -boson exchange [91] . The collision term for the neutral wino phase space distribution f χ 0 can be approximated by the Fokker-Planck form [92] ,
with the three momentum of wino p, the temperature T , and the bulk motion u of the thermal bath. g χ 0 = 2 is neutral wino internal degrees of freedom and γ ela is the momentum transfer rate [see Eq. (25) in the supplemental material]. As we will see, this elastic process is subdominant when compared to inelastic processes in keeping neutral wino in kinetic equilibrium with the heat bath. A key observation is that charged wino is in kinetic equilibrium with the heat bath through efficient electromagnetic interactions; and thus its phase space distribution follows
where g χ ± = 4 is charged wino internal degrees of freedom. Resultantly, inelastic processes between neutral wino and charged wino can keep neutral wino in kinetic equilibrium with the heat bath.
Furthermore, a kick momentum through the mass deficit in an inelastic process is negligible when compared to a typical wino momentum ∼ m χ T until a very late time, T ∼ 10 keV, since the wino mass difference ∆m χ 160 MeV is much smaller than the wino mass m χ 3 TeV. The collision term can be approximated by a pure conversion from [84] ,
There are two contributions: decay and inelastic scattering. We remark that inelastic reaction rates for charged wino, Γ dec and Γ inela [see Eqs. (26) and (27) in the supplemental material, respectively], are much larger than the Hubble expansion rate H. Resultantly, charged wino is in chemical equilibrium with neutral wino. Wino number densities,
The last equality is valid when T ∆m χ . Here a dot denotes a derivative with respect to the conformal time. We use the synchronous gauge following the notation of Ref. [93] ,
with h ij being the metric perturbation in the Fourier space k = |k|k and decomposed as
Until the next section, we consider only homogeneous and isotropic components. The evolution of the neutral wino temperature,
is governed bẏ Fig. 1 compares the elastic and inelastic reaction rates in this equation. As one can see, the elastic scattering decouples earlier than than the inelastic processes. Thus we neglect the elastic scattering in the following. The inelastic reaction rates decrease rapidly with decreasing temperature below T ∆m χ due to the Boltzmann suppression, and drops below the Hubble expansion rate around T 9.2 MeV. Until then, neutral wino is in kinetic equilibrium with primordial plasma and thus is involved in an acoustic oscillation driven by photon pressure, called a dark acoustic oscillation. Naïvely, growth of the density contrast is suppressed below the horizon scale corresponding to kinetic decoupling. We define (Γ/H)| T =T kd = 4 as done in Ref. [94] . One could identify T 9.2 MeV as a kinetic decoupling temperature, at which the horizon scale is 1/τ kd 0.11 /pc, and estimate the smallest protohalo mass as
, (11) where g eff counts the effective massless degrees of freedom. Here we replace the present total matter mass density ρ m,0 in Ref. [94] by the present dark matter mass density ρ χ,0 since baryon does not collapse into such a small halo even with cold dark matter due to gas pressure. Our naïve estimate is already different from an estimate in the previous literature [76] only considering elastic processes, where T kd ∼ 1 GeV and M kd ∼ 10 −11 M . However, as we will see in the next section, a true evolution of the density contrast is more complicated than naïvely expected due to the overshooting phenomenon.
Reaction rates in the temperature evolution equation, g χ ± Γ dec exp (−∆mχ/T ), g χ ± Γ inela exp (−∆mχ/T ), and 2g χ 0 γ ela , normalized by the Hubble expansion rate H.
Evolution of Density Perturbations -We remark again that charged wino is in chemical equilibrium with neutral wino so that the evolution of wino (dimensionless) density perturbations,
where δ T = δT /T and θ T = ik · u are (dimensionless) temperature perturbation and velocity potential of the thermal bath, respectively. The last equality is valid when T ∆m χ . Meanwhile the evolution of velocity potential of neutral wino,
is governed bẏ
Here we ignore sound speed of neutral wino. We will take into account the sound speed or generically freestreaming effect by multiplying the resultant δ χ 0 by
with
and τ * = 1.05τ kd , as suggested in Ref. [94] . The second equality is valid long after matter radiation equality and τ eq is the conformal time at matter radiation equality. One obtains a closed set of equations by combining the above neutralino equations with the Einstein equations and the radiation equations [see Eqs. (32)- (35) and Eqs. (29)- (31) in the supplemental material, respectively]. We start our numerical integration of δ χ when the adiabatic perturbations are superhorizon and neutral wino tightly couples with radiation [see Eqs. (36)- (40) in the supplemental material]. We stop it when neutral wino kinetically decouples and δ χ starts to logarithmically grow in deep subhorizon as δ c . Fig. 2 shows the resultant wino dark matter power spectrum normalized to the cold dark matter one. One can see a dark acoustic oscillation above the horizon scale at kinetic decoupling as expected. A striking feature is that peak powers of the dark acoustic oscillation are several times larger than the cold dark matter powers. This is the overshooting phenomenon, which takes place when kinetic decoupling proceeds suddenly,γ/H aH at γ/H = 1 [87] . As well known in the baryon acoustic oscillation [95] [96] [97] , an oscillation amplitude of an acoustic wave is constant and undamped as long as radiation dominates the entropy of primordial plasma. Damping of a dark acoustic oscillation arises from intermittent collisions around kinetic decoupling, which mixes up different oscillation phases and average out the oscillation. This is why it is sometimes called Landau damping in the literature. If kinetic decoupling proceeds instantaneously, there is no damping mechanism other than free-streaming of a dark matter particle or a particle with which a dark matter particle scatters (collisionless damping or Silk damping [98] , respectively). Ref. [87] argues that in such a case, not only is the dark acoustic oscillation undamped, but also exceed its peak powers cold dark matter powers. This is because a supersonic motion of dark matter fluid, which is a remnant of the dark acoustic oscillation, further compresses dark matter fluid after kinetic decoupling. Fig. 2 shows the wino matter power spectrum multiplied by the free-streaming factor. One sees that damping of dark acoustic oscillation peaks is determined practically by free-streaming, k fs 3.5 /pc for T kd = 9.2 MeV. 
This procedure is calibrated in bino like dark matter, where kinetic decoupling happens gradually through elastic processes [94] . It is not clear to what extent it is applicable to our wino dark matter, where kinetic decoupling proceeds rapidly, although we expect that free-streaming is not sensitive to details of kinetic decoupling. One needs to follow a full Boltzmann hierarchy to clarify it, but it is beyond the scope of this work. One also needs to take into account quantum chromodynamics phase transition, neutrino decoupling, and e ± annihilation. In particular neutrino decoupling could lead to diffusion (Silk) damping of plasma perturbations through neutrino-electron interaction. Our normalized power spectrum seems robust against these subtleties k < 1 /pc [see the supplemental material for further discussion].
Impacts on Indirect Detections -To demonstrate the impact of the resultant wino dark matter power spectrum on indirect detection experiments, we compute a boost factor for a field halo. The boost factor B for a given field halo mass M is defined by
where L is the total luminosity andL is the luminosity of the smooth component. It is a sum of subhalo contributions as [99, 100] 
We set the subhalo boost factor B sub and luminosity of the smooth componentL sub to be equal to B andL, respectively. Noting that the overall factor ofL is irrelevant for B, we setL = M c 3 /f (c) 2 with c being the concentration parameter of the Navarro-Frenk-White (NFW) profile [101, 102] and f (c) = ln(1 + c) − c/(1 + c). There are two popular choices of the c-M relation [103] [104] [105] [106] [107] : 1) extrapolating the power-law relation toward smaller halos [110] ; and 2) flattening the relation toward smaller halos as preferred by dedicated simulation results [111] [112] [113] [114] . We use fitting functions given by Ref. [115] for case 1 and Ref. [116] for case 2 [see Eqs. (55) and (56) in the supplemental material, respectively]. Note that these c-M relations are for field halos and tidal effects may impact those for subhalos. We refer readers to Refs. [108, 109] for further discussion.
A subhalo mass function dn sub /dm scales as dn sub /dm = A/M (m/M ) −α with α = 1.9-2 in cold dark matter [117] [118] [119] . The normalization is fixed so that the total mass fraction within 10 −5 < m/M < 10 −2 is 10% [100] : A = 0.0318 for α = 1.9 and A = 0.0145 for α = 2 [116] . To obtain a subhalo mass function in wino dark matter, one needs to perform a set of dedicated N -body simulations, while it is beyond the scope of this paper. Instead we multiply above dn sub /dm by a factor of the ratio of the halo mass function
We compute the halo mass function by following the modified Press-Schechter formalism [120] suggested in Ref. [121] , which is called a smooth-k space filter [see the supplemental material]. The formalism is claimed as appropriate for dark matter models that show a dark acoustic oscillation in the matter power spectrum. The minimal halo mass is set to be zero, m min = 0, in this approach. The resultant boost factor depends on the choice of the slope α and the c-M relation and thus we only illustrate the impact of the overshooting phenomenon here, while the other results are given in the supplemental material. To this end, we also compute the boost factor by setting the minimal halo mass as m min = M Concluding Remarks -Thermal wino dark matter is a promising clue of split supersymmetry, which is one of the most attractive new physics after the Higgs discovery. A combination of indirect detection experiments has a potential to explore a deep parameter space of wino dark matter in near future. To this end, astrophysical uncertainties should be understood in more detail. In this work, we have contributed to it by revealing two overlooked aspects of the wino dark matter density contrast. First, neutral wino is in kinetic equilibrium with primordial plasma not through elastic processes, but through inelastic processes involving charged wino. Resultantly, kinetic decoupling temperature is around 9.2 MeV, two orders of magnitude smaller than expected in the previous literature. Second, a dark acoustic oscillation of neutral wino shows the overshooting phenomenon, namely, its peak powers of dark acoustic oscillations are larger than the cold dark matter case. It follows that free-streaming after kinetic decoupling, rather than the dark acoustic oscillation, determines the smallest halos of wino dark matter. The implications of our result are not limited in indirect detection experiments. Potential investigation of the small-size halo abundance, e.g., in a pulsar timing array [112, 122] have been proposed. Further studies including a set of dedicated N -body simulations are warranted.
Supplemental material
Relevant Processes -Here we summarize formulas for rates of the relevant processes contributing to kinetic equilibrium of neutral wino. Elastic scattering of neutral wino is described by the following effective interaction:
with the Fermi constant G F 1.2 × 10 −5 GeV −2 and the W -boson mass m W 80 GeV. Here
χ . This yields
We take f (k ) ≈ exp(−(|k | − u · k )/T ) for particles with which neutral wino scatter. Here the factor of 8 counts the number of processes (e,ē, ν i orν i ).
Charged wino decays into neutral wino plus charged pion [84, 123, 124] ,
where f π 130 MeV is the pion decay constant, m π ± 140 MeV is the charged pion mass, and |V ud | 0.97 is the first generation diagonal component of the CKM matrix.
Neutral wino and charged wino are converted through W -boson exchange,
with the inelastic scattering cross section,
Here the factor of 2 counts the number of processes (e or ν e ).
Evolution of Density Perturbations -Before neutrino decoupling around T ∼ 2 MeV, one can reliably use a perfect fluid description of primordial plasma,δ
where σ r is the anisotropic stress of radiation. Note that δ T = δ r /4 and θ T = θ r .
is assumed as in CAMB or CLASS, one needs to use free-streaming neutrino in cold dark matter but take into account neutrino decoupling, when calculating δ 2 χ 0 /δ 2 cdm . Then one can multiply this ratio by the cold dark matter power spectrum.
One needs to derive and follow the neutrino full Boltzmann hierarchy with collision terms to take into account diffusion consistently. Since it is beyond the scope of this work, here we take a practical approach instead. We introduce the collision term by hand asδ
with F ν,2 = 2σ ν . Here, r γ = 1 − r ν 0.512 is the photon+electron fraction of radiation. Note that δ r = r γ δ γ + r ν δ ν , θ r = r γ θ γ + r ν θ ν , and σ r = r γ σ γ + r ν σ ν in the Einstein equations [see Eqs. (32)- (35)]. We set δ T = δ γ /4 and θ T = θ γ in the perturbation equations for wino. γ ν is the contribution of the scattering rate of neutrinos to the multipole . We approximate γ ν by
where c νe and c νν are coefficients of O(1). Since effects of neutrino diffusion is irrelevant in the perturbation evolution of dark matter as we will see shortly below, precise evaluation of these coefficients is not essential in our analysis. Therefore we take both c νe and c νν to unity. Fig. 3 compares the power spectra of wino dark matter case calculated with and without the neutrino diffusion. We confirm that the neutrino diffusion affects the power spectrum of dark matter only slightly. Impacts on Indirect Detections -The luminosity of smooth componentL is proportional to the volume integral of the dark matter profile ρ squared and thus (4π/3)ρ 
A present linear matter power spectrum P (k) is calculated in the previous section and we take the so-called a smooth-k space filter as the baseline filter function which is given by
withβ = 4.8 andĉ = 3.30. For comparison, we also adopt a (real space) top-hat filter function,
Here parameters of the ellipsoidal collapse model are set to be A = 0.3222, p = 0.3, and q = 0.707. Fig. 5 shows the mass function in wino dark matter. Linear matter power spectrum in the present Universe in wino dark matter model is computed by multiplying one in cold dark matter model computed by CAMB [130] with the ratio δ Provided a subhalo mass function and a c-M relation, the boost factor B(M ) is obtained by solving Eq. (22) . Fig. 6 shows B(M ) as function of the halo mass M for the different c-M relation (case 1 or case 2) and the subhalo mass function (α = 1.9 or 2) separately. We can estimate to what extent the boost factor is enhanced from the subhalo mass function cut at M naïve kd . We find that the enhancement factor becomes constant for M 10 4 M . Adopting the baseline smooth-k space filter function in Eq. (61), the boost factor are enhanced by a factor of 3.4 and 7.1 (1.4 and 2.4) with α = 1.9 and 2, respectively, for case 1 (case 2). When we replace the baseline filter function with the top-hat one in Eq. (62), those enhancement factors are changed to 4.5 and 11.3 (1.4 and 2.8) with α = 1.9 and 2 for case 1 (case 2).
We have also found that the boost factor in wino model with the baseline smooth-k space filter function can be reproduced by introducing a minimal subhalo mass m min = 0.12M fs in the cold dark matter model. As far as we adopt either of the c-M relations and the subhalo mass functions we mentioned, the boost factor is reproduced with accuracy better than 3%. 
